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I, INTBODUCTTOM 

Space e lec t r ic  power systems depend upon the use o f  refractory metals i n  a 
variety of component areaso 
systems i s  the long-time creep strength a t  verylow partial  pressures, 
Since oxggen.contamin t ion of refractory m e t a l  alloys c pccur under 
conditions of 1 x 10 
ob tdn  creep neasxmments which are employed i n  the design of space compments. 
The purpose of  t h i s  program i s  to generate long-time creep data on selected 
refractory alloys which have potential use i n  advanced power systems, Emphasis 
has been placed on tes t ing sheet alloys which can be employed f o r  cladding OT 
tubing applications and on forgeable, high-strength turbine alloys. 

A crit ical  property parameter i n  the d e s i g  of these 

-8 Torr, vacuums be t t e r  than 1 x lO-'Torr must be. used t o  

This report  presents the  creep data obtained during the  tenth quarter on 
arc-cast  and vapor-deposited tungsten, the molybdenum base alloys TM and TZC, 
and the tantalum base alloys T - l l l  and T-222, 
resul ts ,  residual gas analyses of the vacuum environment are given for several 
test systems after extended t e s t  periods. 

I n  addition t o  the creep test 

11. MATERIAIS AND PROCEDURE 

A summary of the composition and heat treatments of the alloys discussed 
i n  this report  i s  presented in  Tables 1 and 2, A detailed rev iew of the pro- 
cessing history and microstructure has been previously presented i n  the  N i n t h  
Quarterly Progress Report. Tungsten was evaluated both as 0,030" sheet and 
as vapor-deposited materialo 
The 'I&4 w a s  obtained f r o m  two  different vendors while the TZC came from the 
same vendor but had significantly different  processing histories,  I n  the TZC 
Heat €4-91 mate r i a l ,  three different heat treatments were evaluated at similar 
test  conditions t o  provide an indication of possible effects  produced by 
s t ruc tura l  variations. The t a n t a l u m  base alloys, T-1U and T-222, w e r e  both 
evaluated i n  sheet material a f t e r  selected recrystall ization treatments. 

Two heats of TZM and TZC material were tested. 

The test procedure involved obtaining a vacuum of 5 x Torr o r  better 
a t  room texnperabre, 
never w e n t  above 1 x E3 Torr. Heat treatment was performed on the  materials 
i n  situ, prior to load application. 
cooled to roan temperature and then reheated to the  test temperature which was 
maintained for t w  hours to insure equilibrium, During tes t ing the vacuum was 
less than 1 x Torr and generally decreased with test  t i m e .  

heating the specimen a t  a rate so t ha t  the pressure 

After heat treatment the specimens were 

Specimen extension uas measured over a 2 inch gauge length with an opt ica l  
extensometer t ha t  determined the distance betueen two reference marks t o  an 
accuracy of  2 SO/A-inches* Be program plan involves tes t ing  the plate  
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or forged al loys at temperatures between 1600 and 22509  (871 and l a s ' c )  untl.1 
a 1% t o t a l  elongatlon is attained. The tungsten materials are being tested at  
3200v (1760%) and 2800.F (1566%) f o r  total extensions between 3 and 5% while 
the tantalum base materials are being evaluated i n  t h e  1600 and 2200- (982 t o  
1240%) range t o  an elongation of approximately so The applied stress levels 
have been selected d t h  the  goal of  obtaining creep data over t o t a l  test t imes 
between 1000 and 101000 h a s .  

III, BESUL'IS AND DISClLSSION 

In this section creep data are graphically presented as percent total 
elongat im i n  the 2 inch gauge section as a function of the time a t  the applied 
stress. Reference marks indicating the chamber pressure during the test period 
are also placed on the  curves, 
progress or completed during this test period a re  given i n  de ta i l  i n  Appendix I, 

The specif ic  data for each test uhich i s  in 

1, Tungsten 

The creep test data for the  vapordeposited tungsten are shown i n  Figure 1, 
which also presents for comparison the resu l t s  obtained an arc-melted material 
a t  the 3200.F (1700.C) test temperature. 
deposition exhibited less creep than the  arc-melted material. 
on arc-cast tungsten tested a t  28009 (1538.C) are shown in Figure 2, A decrease 
i n  the applied stress from 4 Ksi to 3 K s f  (2.06 x 107 to 2.75 x lo7 8 . 8 )  plpcfniced 
a marked decrease in the creep behavior, 
alloys examined in the pmgram are g i v m  i n  Figure 3 i n  terms of the Larson-yllller 
parameter f o r  1% creep, The U - s  Be a l loy  exhibited s ignif icant ly  less creep than 
the arc-cast  material a t  l o w  values of the parameter where a deviation from linear- 
i t y  was apparent for t he  unalloyed tungsten. 

The tungsten produced by vapor- 
R e s u l t s  obtained 

The data obtained on the  tungsten base 

20 Holybdemnu-Base Alloys 

'Fhe creep behavior of t h e  TM al loy (Heat 792) tested a t  200O.F (1093%) is 
shown in Figure 4. After an initially high creep rate, virtually no extension 
has occurred in the recrystall i%ed material over the last 3500 hours of test time, 
The as-received, stress-relieved material, however, has exhibited a relatively 
constant creep rate of 1-86 x lWs/hmr from approximately 2OOO t o  9OOO hours, 
As a result, a t  very long test times the t o t a l  extension i n  the recrystall ized 
material is less than tha t  obtained i n  the stress-relieved condition. In tests 
conducted on the 'pzM from heat KD'IM-1175 (see Table 3) a t  1856.F (1013'C) and 
1600.F (8n'c) re la t ive ly  l i t t l e  creep was evident. The results indicate that 
the material from this heat has  exceptionally good creep resistance at the lower 
temperatawes. 
shown by the  Heat 1175 i s  primarily produced by the low t e s t  temperature or is a 
unique property of the particular heat being evaluated, 

Additional tests u i l l  be conducted t o  determine whether the behavior 
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Specimens of TZC from Heats M-80 and M-91 are being investigated and the 
test resu l t s  are presented i n  Figures 5, 6, 7, 8, and 9. In the  t e s t s  on Heat 
M-80 material conducted a t  2056OF (ll24OC) and 1856OF (1013°C), t h e  appearance 
of wnegative" creep which occurred between 3000 and 4000 hours has stopped and 
changed t o  a very l o w  positive creep rate (see Figure 5). 
Figure 6 for the test conducted a t  2 W ° F  (1093OC), 20 K s i  (1.38 x 108N/m2) a 
plateau occurred i n  the  creep curve a t  times between 4000 and SO00 hours which 
also suggested the presence of a %egative" creep effect. Since TZC is known 
t o  exhibi t  strain-induced precipitation, the obvious explanation fo r  the 
"negative" creep is the formation of a precipitate which produces specimen 
contraction and a resol tant  decrease in the t o t a l  elongation masaremnt. 
presence of the "negative" creep in  the TLC alloys after long test tims 
illustrates the errors which can occur in predicting creep values from relatively 
short  t i m e  data. 

In  the data shown in 

Tbe 

In  order t o  integrate the beneficial  strengthening effects t h a t  strain- 
induced precipitation may impart on the TZC alloys w i t h  design predictions a 
relationship between applied stress, temperature and time should be selected 
t o  enable "negative" creep to  be predicted from a knowledge of the test con- 
ditions. 
correlating t h e  test parameters w i t h  "negative" creep effects.  A plot  of th i s  
parameter f o r  the  start of "negative" creep i n  the  TZC alloys tes ted a t  1856°F 
(1013"C), 20009 (1093"C), and 2056OF (ll2h0C) is presented i n  J?i.gure 7. 
data, although limited, can be represented by a linear relationship over the 
temperature range evaluated, 
might be expected t o  occur can be determined from a knowledge of t h e  applied 
stress and test temperature. 
reported i n  the R b t h  Quarterly Report indicated t h a t  a t  these  higher temper- 
atures the "negative" creep phenomenon was not apparent despite t h e  f a c t  that 
the  Larson-Hller plot  shown i n  Figure 7 would predict such an effect. 
resu l t s  imply tha t  the precipitation which is assumed t o  be producing t h e  
extensive decrease i n  creep i s  not t h e  predominate mechanism above 2200°F (1204°C)0 

The Larson-?iller parameter has been i n i t i a l l y  used as a e t h o d  fo r  

The 

On t h i s  basis the time at which "negative" creep 

Test data on TZC f o r  temperatures of 2200'F (l2a0C) 

The 

The creep of TZC (Beat W-91) in the stress relieved condition is presented 
i n  Figure 8 f o r  a tes$ temperature of 180OoF (982OC) and an applied stress of  
& K s i  (3.03 x lO%/m ). 
apparent anomalies. 
material from Heat M-91 is presented i n  Figure 9.  The material annealed a t  
3092OF (1700OC) and aged 5 hours a t  24OOOF (1316OC) showed a considerably greater 
r a t e  of creep than material annealed a t  3092- (170OOC) but not aged.* The 
r e su l t s  can be rationalized on the basis t h a t  the pr ior  aging treatment at 2hCXIOF 
has formed a stable precipitate so t h a t  no strain-induced precipitation is  occnrring 
during t h e  test t o  minimize the degree of creep. 
parison of t h e  two heats of TZC material i n  t h e  3092OF (1700OC) annealed condition. 

The creep behavior is conventional. and shows no 
The influence of heat treatment on the creep of the TZC 

Figure 9 also presents a com- 

-% This specimen was subsequently found t o  be cracked. 

~ 
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Over t h e  current test duration a t  2000°F (1093'C) and 20 K s i  (1.38 x 10%/m2) 
the  amount of creep i n  the specimens from Heat M-91 is  greater than tha t  
experienced in Heat M-80 being tested under ident ical  conditions. 
var ia t ion between t h e  heats can be pa r t i a l ly  a t t r ibuted t o  the var ia t ion in 
processing treatments. 
treatment a t  3092OF (1700OC) produced a completely recrystall ized structure 
with room temperature strength properties t h a t  were lower than those obtained 
i n  Heat M-80 material which was only par t i a l ly  recrystall ized after the s a m  
anneal. 
probably a result of the differences in degree of recrystall ization, 

The 

Heat M-91 was heavily worked so tha t  the annealing 

The var ia t ion in  creep rate  a t  test times below 2000 hours is 

3. Tantalum Base  A l l a s s  

Creep test data for both T - U 1  and T-222 tantalum base alloys are sham 
i n  Figures 10 and ll. 
treatment produces a substantial  improvement i n  creep resistance when campared 
t o  material annealed a t  2 6 0 0 ~ ~  (l427OC). 
a t  22009 (12OhOC) and 2 0 5 6 9  (1124OC) presented in Figure 11 indicates a con- 
tinuously increasing creep ra te  with increasing test time, Results obtained 
by post-test metallographic examination of the surface of the T-222 material 
tes ted for 1890 hours a t  2 2 0 0 9  (120bOC) (5.72% creep) are shown in Figures 12 
and 13. Appreciable grain boundary sliding is indicated in Figure 12 by the 
displacement of the scribe mark as it crosses the- grain boundary. In  addition 
t o  the grain boundary sliding, very f ine  s l i p  lines were apparent i n  selected 
grains when the specimen was viewed with polarized l ight  (Figure 13). 

The T - U 1  data indicate t h a t  a 3000OF (1649OC) annealing 

Creep data for  the T-222 a l loy tes ted 

h. Residual. G a s  AnalvsJs 

Six of the  vacuum creep units employed for  creep testing are equipped with 
These units which are based on the time-of-flight 

During 
residual gas analyzers. 
principle have been discussed i n  the Third Quarterly Report (CR 54048). 
t h e  course of the various creep t e s t s ,  periodic recordings have been made o f  the 
residual gas i n  selected systems. 

When the gas analyzer was first placed i n  use, no s e t  procedure for 
operation was available, 
electronic equipment to the  analyzer head, making t h e  recomnded voltage 
adjustments, and finally recording the  oscilliscope trace. During the course 
of the measurements it was found t h a t  t he  sens i t iv i ty  of the response of the 
f l i g h t  tube and t h e  fndicated composition of the residual  gas was influenced 
by the time allowed for  warm-up of the tube. The results,  shown i n  Table h, 
indicate that as  the tube becomes warm from the filament, water vapor and 
possible C02 and CH,-02 are released w i t h  the result t h a t  the relative amount 
of these gases i n  t k e analyzer ionization section continuously increases 
during t h e  first 30 minutes of  operation. 
H2, H2-C0, and argon decreases t o  half of t he i r  or iginal  values probably 
as a result of a dilution effect. 

The measurement method consisted of connecting the 

A t  the same time, the amounts of 
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Figure 12. Surface of T-222 specimen er t e s t i n g  a t  2 2 0 0 9  
(l2O1r0C), I2 K s i  (8.27 x 10 T N/m2) f o r  1890 Hours, 
5.72% total extension. Photomicrograph shows 
grain boundary s l id ing .  
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Figure 13. Surface of T-222 specimen after testing2at 
2200OF (1204OC), 12 K s i  (8,27 x 107 N/m ) for 
18% hours 5.72% t o t a l  extension, polarized 
l i g h t .  Photomicrograph illustrates fine slip 
present in the grain. 



The residual gas analyses of current tests taken after a fixed tube uam- 

The 
up time are given i n  Table 5 through 10, 
ceptions the  major components of the residual gas are H30, CO-N? and CO 

The results s h w  that  with feu ex- 

appearance of CO and Go;! has been attr ibuted t o  reactions taking place 3' m . the  
irsn pumps.'- 

It dll be noted i n  Table 5 tha t  a l i n e  appears a t  mass number & and 35. 
Examination of various gases fiils to show a particular specie which could be 
responsible f o r  the appearance of the l i n e  in t h i s  position. Tests have shown 
similar lines appearing in this position when the sensitivity of the amplifier 
is reduced t o  t he  point where a l l  l ines  are  attentuated, The appearance of lines 
i n  t h i s  position, probably represents an a r t i f a c t  produced by the equipuent 
ra ther  than an unknown gas cornpagent, 

A t  present no systematic t rend in the variation in gas content as a function 
of test time can be established. 

The long-time tests on the rnolybdmum-base al loys dU. be continued, 
Additional tests will be perfarmed with the molybdenum alloys t o  fbrther de- 
the effects of heat treatmat on the creep properties, 
i n i t i a t e d  on columbium-modified TZM, vapor-deposited tungs ten, and T-ill, 
Primary emphasis w i l l  be placed on running long-time tests on TZC and T - U .  

Tests w i l l  be also 

22 



i TABLE 4 

Composition of Residual G a s e s  as a I b c t i o n  of llnalye er Operating 
Time, U n i t  Bo, 10, Vapor &posited Tung stenspecimen, 32009, ( 1760dC 

0 

5 
2 1  

30 
40 
50 
52 
70 
73 

9 
8 
5 
L 
5 
5 
3 
3 
5 

1 
1 
1 
1 
1 
1 

1 
1 

1 
2 

4 
7 
19 
25 
21r 
24 

33. 
29 
28 

60 
57 
38 
32 
31 
30 
33 
33 
32 

13 
12 
7 
7 
7 
7 
6 
5 
5 

10 
XL 
25 
26 
28 
29 
32 
23 
24 

Composition of Residual Gases in Vacuum Chamber, Unit #l, TZM Specimen, 1800’9’ (982OC) 

38 31 21 - 10 

* Bo gas species f o r  these mass nunhrs. Probably a r t i f a c t s  of analyzer. 
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Composition of Residual Gases in Vacuum Chamber, Unit #$, TZC Specimen, 2000°F(10930C) 

Residuals = % of Total Pressure 

02 - HZ - He - c s  

19 b 1 4 
24 2 - 6 
l4 2 1 8 
15 2 1 l l  
17 2 .. 8 
16 2 .. 5 

co 
A w!!2  - 

18 35 11 
28 22 u. 
34 28 6 
30 28 7 
26 31 7 
30 27 10 

co, 
8 
6 
7 
7 
9 
10 

TABLE 7 

Composition of Residual. Gases in Vacmm Chamber, U n i t  #3, T-222 Specimen,20560P(112t0C) 

Residuals = % of Total Pressure 

24 



Composition of Residual G a s e s  i n  Vacuum Chamber, Unit #6, TZM Specin~n,2000~F (1093°C) 

Residuals - % of Total Pressure 

0 3.5 x BY9 65 .. - 3 Y 32 0 12 
u75 6.9 x 10-10 0 I 3 17 31 - 9 

5397 3.5 x 10-10 ll - 2 7 26 34 ..) 20 

2039 3.6 x loo1* 20 0 - 4 22 32 I 19 

5943 2.0 10-9 17 2 2 4 18  34 17 6 

TABIE 9 

Composition of Residual Gases i n  Vacuum Chamber, Unit #8, TZC S p e ~ i m e n , l 8 ~ 6 " F ( l ~ 3 ~ C )  

TiUS 

0 

3340 
5.8 x 10-9 20 1 2 6 15 35 3 18 

16 1 1 7 18 34 Ijr 9 

TABU 10 

Composition of Residual Gases in Vacuum Chamber, Unit #8, Tungsten Specimen, 3~°F(17600C) 

Residuals - % of Total Pressure 



1 -  
I 

' -  

27 



TABLE A-I 

QUXP 'F&ST DATA, VAPOR DEPOSITED TONGSTBJ, RECEUSTBLISZED 2 HOURS 320OoF (176OoC), 

TESTED AT 3200°F (176OoC), lo00 PSI (6.90 x 1O%/m2) 

Time - 

3.8 x 10-7 

1.2 x 102 
7.2 x 10 
6.7 x 10-8 
1.8 x 102 
3.0 x 10 
8.9 x lo$ 
1.4 x 10 
7.9 x 10-9 
6. j  x 104 
8.2 x IO? 
1.2 x 10-6 
5.2 x 10-9 
4.7 x 10-9 
6.5 x 104 
6.6 x 10-9 
6.0 x 109 
5.9 x 10-9 
5.6 x 104 
7.8 x 10-9 
4.9 x 104 
4.0 x 104 
5.4 x lo+ 
5.2 x 10-9 
5.0 10-9 -- 
5.2 10-9 
8.4 x lo* 
9.8 x lo+ 
9.8 x lo* 
9.5 x 104 

-. 



TABLE A-I (Continued) 

Length Change 
AL (inch) Creep 

(% 1 - Tirae (2" G. L. ) 

Test terminated because o f  inabi l i ty  to see scribe lines. 

Specimen B-17 

Pressure 
( T o r r )  

7.8 x 103 
2.6 x 10- 

6.8 x 
8.0 x 102 

1.0 x 104 

9.0 x lo9 + 8.0 x io - 



TABU3 A - I 1  

CREEP TEST DATA, ARC-IGLTED TWSTEN SHEET, ANNEALED 280OOF (538OC) 
1 HOUR, TESTED AT 28OOOF (lf;38OC), 3,000 PSI (2.07 x lO7N/&) 

Tinnrt 

1 minute(s) 
2 
3 
4 
5 
6 
7 
8 
9 

10 
15 
30 
4s 
60 

b6.95 

3-1 hour(s) 
23-95 

67-b 
91.2 u. 9 

138.8 
162.8 
234.8 
259 - 0 
282.9 
306.8 
330.8 
403 * 2 
426.8 
h50- 8 
479.9 
574.3 
647- 0 
738.7 
763 1 
T e s t  in Progress 

Smcimn S-18 

h n g t h  Change 
AL (inch) 
(2" G.L.) 

Creep - (%I 
-005 
.Ooo 
.ocn 
.Ooo 
* 000 
0 0 0 5  
.008 
.ow 
-0% 
-005 
-002 
-005 
008 
,005 
.030 

.a5 

.602 

.218 

/. 718 
.918 

1.095 
1.178 
1,640 
1.832 
2.038 

2 375 
2.802 

2.170 

2 * 922 
3.032 
3 185 
3 748 
4.098 
4-578 
4.722 

Pressure 
( T o r r )  

2.4 x 10-7 
2.4 x 10-7 

2.4 x 10-7 
2.4 x 10-7 

2.4 x 10-7 

2.4 10-7 

2 - 4  10-7 

2.4 10-7 
2.4 10-7 
2.4 10-7 
2.4 10-7 

2.4 10-7 

1.0 10-7 

2.0 x 10-8 

1.0 x 10-8 
8.7 10-9 

7.2 10-9 
7.4 x lo-9 
7.2 10-9 

3.8 10-9 
3.9x 10-9 
4.1 10-9 

3.0 10-9 
1.7 10-9 
1.5 10-9 

2.4 x 10-7 

2.4 x 10-7 
2.4 x 10-7 

2.9 x 10-8 

1.7 x 10-8 

8.9 x 10-9 

6.8 x 10-9 
6.4 x 10-9 

4.0 x 10-9 

-- 



CREEP TXST DATA, ARC-FIELTED TUNGSTEN SKEET, AIDEBLED AT 28000~ (15380c), 
1 HOUR, TESTED AT 2 8 0 0 ~ ~  (1538Oc), 4,000 psr (2.76 x 107 N/& 

Tim 

1 
2 
3 
4 
5 
10 
15 
30 
45 
60 

17.0 
41.0 
65.1 
73.3 
98.6 
122.5 
137- 7 
163.7 
185.4 
194.1 
218.1 

Test Completed a t  5% Elongation 

Creep 
(% 1 
.ooo 
-.Gu 

.Ooo 

.002 

.os 
-.002 

4 5  
.m 
.m 
.015 
.860 
1.375 
2.192 
2 392 
2 950 
3 452 
3.802 
4.395; 
4 750 
5.025 
5.492 

Pressure 
(Torr ) 

1.h x 10-7 
1.4 x 10-7 
1.4 10-7 
1.4 x 10-7 
1.4 10-7 
1.4 10-7 
1.4 10-7 
1.4 It 10-7 
1.4 x 10-1 
1.4 x 10-l 

1.3 x 
2.2 x 10-8 

1.1 x 10-8 -- 
8.2 10-9 
7.2 x 10-9 
7.2 10-9 

6.6 x 10-9 

5.7 10-9 

6.8 x 10-9 

6.5 x 10-9 



TAB= A-IV 

1 mirmtes 
2 
3 
4 
5 
6 
7 
8 
9 
10 
15 
20 
25 
30 
4s 
60 
75 
90 

20.0 hours 
74.7 

1250 7 
1360 5 
160.3 
184.4 
208.5 
232.2 
304.4 

376.6 
400.8 
4s 7.5 
472 6 
497.0 

328.3 
352.2 



. 

TABU3 A-IV (Continued) 

Time - 
520.2 bDttr6 
544.1 
568.2 
640.2 
6a.3 
688.6 
712.3 
736. 3 
810.2 
832.2 
856.1 
680.1 
904.0 
982.8 
1000.2 
1024.2 
1048.3 
1072.1 
llwko 
1168.3 
1192.2 
1216.4 
3240.2 
1336.2 
1360.3 
U84-3 
l.408.5 
I-480. 3 
1552.2 
1648.3 
1696.4 
1720.6 
1816.4 
1864.2 

Pressure 
(Torr) 

1.2 I: 10-9 
1.2 x 10-9 
1.2 x 103 
1.5 x lo+ 

7.4 x 10-10 

9.2 x 
6.0 x 

7.6 x 10-10 
1.3 x 104 
9.0 x 1O01O 
9.2 x 

7.7 x 10 
8.1 x 10-1O 
7.6 x 10~10 
8.2 x 
8.0 x loolo 
1.3 x 104 
6.9 x 10-1~ 
6.9 x 1O-’O 
6.6 x 10~ ’~  
6.4 x 10°10 
5.8 x 

5.8 x 10~” 

4.6 x 10-10 
4.6 x 10-10 
4.0 x 10-1O 
3.8 x 10-1O 
ri.4 x 

3.8 x 
4.0 x 
2.6 x 10-1O 
3.6 L 
3.1 x 10-1O 
2.8 x 

7.5 x 101;; 

5.9 x lo+ 

5.2 x 10-1O 
4.4 x 10-10 

5.7 x 10-10 

137LI 

c 



. 

2919.5 
2991.7 
Nw1.5 
3088.4 
3G9.2 
3231.2 
3327.5 
3399.4 
3495 1 
35 68.1 
3640.6 
3687.2 
3735.3 
3831.1 
3903.5 
3999.2 
4 0 ? ~  3 
lit67.1 
4239.4 
4335.4 
Llr07.3 
1627.5 
4575.9 

TA413U A-IV (Continued) 

*168 
170 
175 
172 . 178 . 172 

0 1 %  

,172 . 178 
175 
175 . 178 
0182 
.188 
0190 . 190 
e l g o  
192 
195 
192 . 198 

0200 
e200 
205 
205 . 208 

0210 
0212 
220 . 225 . 225 . 232 

0230 
e232 . 232 
.238 

Pressure 

2.3 x 10-1O 
1.6 x 10-10 

(Tom) 

2*? x 10-10 
2.0 x 10-1O 

1.7 x 10-10 

902 X 10-" 
4.0 x 10-10 

2.6 x 
2.6 x 10-1O 

2.5 x10-10 
1.1 x 10-n 
1.7 x 10-10 
7.2 x lo-- - 
1.8 x 10-11 
1.6 x 10-11 
1.4 x 10-10 
1.2 x 10-'10 
2.0 x 10-u. 

9.5 x 10-u. 
3.4 x 10-u 

1.0 x lo--- 

8.2 x looz 

1.9 x 10-E 

1.2 x 
2.1 x 10-ll 
1.0 x 10- 
2.1 x 10-11 
1.8 x 1Oo1' 
1.8 x lo-= 

10 1.8 x 
1.0 x 10 
1.2 x 10-11 
1.0 x 10-11 



. 

TABIE A-IV (Continued) 

7600.2 
7696.3 
7768.3 
7865 00 
7960.5 
8032.6 
81dc.2 

Creep 
g 

235 
.238 
235 
235 

- 

. 238 
0 238 . 242 .a5 . 240 . 250 . 252 . 250 
,250 
0255 
,258 
260 
265 
.270 
272 . 275 . 275 . 278 

Pressure 
( T m  

1.0 x 
8.5 x 
1.8 x 
3.4 x 
9.3 x 
4.2 X 
4.2 X 
1.1 x 
1.3 x 

2.0 x lo-y 
1.8 x lr:o 
4.3 x 10- 
4.5 x 10-10 
2.0 10-9 
2.4 x 10-2 
2.0 x lo+ 
2.5 10-9 
3.0 x 
3.7 x 1rY 
4.2 x 
3.8 x l(r10 
4.1 x 
2.5 x lCTl0 
4.5 x 10-10 
3.0 x l(r10 
5.2 x 10-10 
9.4 x 1r10 

9.3 x 10-10 
9.7 x 10-10 
1.0 1 ~ 9  
5.0 x 10-10 
1.2 10-9 

808 x 1 ~ 1 0  

9.0 x 
8.6 x 10-10 



TiDE2 

8200.8 hours 

8368.3 

8608.5 

8780.5 

T e s t  i n  Progress 

- 
6272.3 

8440.3 
8536 7 

8707 8 

8872.2 

Specimen B-3 

TABLE .A-IV (Cont hued) 

Creep 
s - 

.318 
e320 
e325 
320 

.328 
332 

e332 
,332 
338 



TABU A-V 

CREEP FBET MTA, Tw FOBrCfED DISC IEAT # 7502, ANNULED AT 2 8 0 9  (15660C), 
FcB 1 BXlR, T&sTED AT 20009 (1093°C) 10,OOO PSI (6.89 x 107 N/&) 

Tim - 
1 R h l ' b ( S )  
2 
3 
k 
5 
6 

6.2 10-9 

5.1 x 10-9 
3.0 10-9 
3.4 10-9 
2.4 x 10-9 

2.2 10-9 
1.8 10-9 
1.6 x 10-9 

1.6 10-9 

1.0 10-9 
1.0 10-9 

3.1 x 10-9 

2.3 x 10-9 

-_ 
2.2 x 10-9 
1.4 x 10-9 



TABLE A-V (Continued) 

CREEP TEST DATA, TZM FClRGED DISC FIEAT #7502, ANNEAIED AT 2850°F (S66OC) ,  
~m 1 mm, TESTED A!T. 2000'F (l093"C) 10,000 PSI (6.89 x 107 I?,"$) 

Ti?a?J 

520.8 bars 
544.6 
616.6 
640 5 
664.6 
688.7 
712.8 
784.6 
800.7 
832.6 
8%. 6 
880.6 
952.6 
977.0 
1OOO. 7 
1025.0 
1049 3 
1120.8 
u 5 . 2  
1168.5 
1192 7 
1216.6 
1288.6 
1315 5 
1336.5 
1360- 7 
1384.5 
3-456-6 
l480.9 
1505 0 
1528.5 
1552 8 
1649.0 
1696.6 
1722.7 

1840.7 
186b. 8 

1792 8 

C=P 

.268 

.282 

.280 

.278 

.280 

.280 

.282 

.280 

.278 

.282 

.288 
290 

.240 
24.2 
242 
252 

.220 
,232 
242 

.252 
258 

.258 
0 255 
.262 
.262 
260 

-262 
.270 
.260 
.252 
255 

.260 

.265 

.268 

.265 

.265 

.265 

- (%) 

.265 

Pressure 
(Torr ) 

1.6 x 1G-9 
1.2 x 10-9 
6.2 x 10-10 
7.2 x 1 0 - l O  
7.2 x 
7.3 x lo-rn 

-- 
3.2 x 
8.8 x 1o-u 
1.2  10-9 



TABU A- V 

1960.8 hrrrr~ 
1984. 8 
2008.6 
2056 . 9 
2115 -2 
2163 0 
2211.2 
2283.4 
2336.3 
2360 - 1 
2LsO-9 
2523.0 
2619 2 
2691.0 
2786.8 
2859.8 
2932 3 
2978-9 
3027.0 
y 2 2 - 9  
3195 2 

3531-2 

3699 0 

3891.0 
3963 1 
4035 - 2 
4l3l.4 
4203.0 
4301 7 
4374 9 3 
4477.1 
454l 4 
4636.7 
b707 02 

3627.1 

3819.2 

9.6 x 10-U> 
3.6 x 10-10 

3.2 x 10-10 
8.0 x 10-1X) 

1.5 x 10-9 

1.4 10-9 
1.1 10-9 

-- 

1.4- i  10-u. 
1.4 x 10-1l 

8.6 x 10-11) 

8.8 x 10-11 
1.4 x 10-10 

2.6 x 10-10 
2.8 x 

2.4 x 10-m 
9.2 x 
2.4 x l0-U 
4.2 x 
5.6 x u)-U 
6.6 x 10-U) 
4.3 x 10-1l 
1.0 x 10-11 
8.4 x lo-'' 
1.9 x 
3.0 x 10-10 
1.7 x 
2 . 0  x 10-10 
2.3 10-9 
2.4 x ID-9 
2.6 10-9 

1.0 x 10-9 

2.5 x 10-10 

2.2 x 10-u 
1.2 x 10-10 

3.5 x 10-U 
1.2 10-9 

_- 



TABU3 A-V (Continued) 

CREZP TEST DATA, T W  FORGED DISC HEN' 8502, AHHEALED 14T 285ooF (1566%) 

FOR 1 HOUR, TESTED A!C 200O?F (1039*C), 10,000 PSI (6.89 x 107 If/$) 

li803.3 hours 
4875.2 
4970.9 
5043*3 
5139.1 
5uo.o 
5331.1 
5379.1 
5475 2 
5547.3 
5643 *5 
5715 -9 
5813 -3 

5979 06 

61-47 t 6 

6315.7 

5883.2 

6glm 2 

6219 . 2 
6387.1 
6483.1 

6652.6 

6820.1 
6891.9 
6988.1 

6554 8 
6723.8 

7060m2 
7156.7 
7252.5 
7324.3 
7395 09 
7492.5 
7564 00 
7660.8 
7732 
7828.5 
7900.2 
7999.5 
8072 . 2 
8163 . 9 
T e s t  in progress 
Specimen B-k 

Pressure 
(Torn 1 

1.2 10-9 
3.1 10-9 

300 10-9 
2.6 10-9 
2.6 10-9 
3.4 10-9 
2.1 10-9 
2.0 10-9 
2.1 10-9 
i,9 10-9 
2.3 10-9 
2.0 10-9 
1.9 10-9 
3.2 10-9 

2.6 10-9 
2.6 10-9 
4.4 x 10-9 

2.6 10-9 
5.0 10-9 

3.2 10-9 

3.2 10-9 
3.4 10-9 

3.5 10-9 

4.0 1 ~ 9  

5.0 10-9 
3.7 10-9 
3.8 10-9 
3.7 x 10-9 

4.9 10-9 
3.7 10-9 
3.8 10-9 

1 m 7  x lO-9 

1.9 x 159 

2.6 x 10-9 

5m4 x 10-9 
3.2 x 10-9 

3.2 X 10-9 
3.8 x 10-9 

5.8 x 10-9 

4.8 x 10-9 

4.0 x 10-9 



TABLE A-VI 

CREEP TEST DATA, TZM PIIITjQU.A.L, .HEAT KDTZM 1175, TEsTE;D AT 1600'9 (871%) 

65, OOO PSI (4.48 x lo8 N/m2 ) 

Tims 

i Minutes 
2 
3 
4 
5 
6 
7 
8 
9 

10 
15 
20 
25 
30 
45 
60 
65.3 Hours 
89.3 

113.2 
U6.9 
161.4 

25 7. 4 
281.1 

233.5 

3 6 . 0  
329.0 
401.8 
425.8 
449.1 
473.1 
497. 0 
569.5 
593.2 
616.9 
641.2 
740.5 
813.2 
904.9 
929.7 
Test i n  Progress 
Sgecimen B 4 1  

Length change 
AL (inch) 
( 2" G. L ) 

. o o a  -. ooa . omcg . oo010 . 00015 . 00015 
0 00020 
0 oom5 
0 oooeo 
,1oO025 . o m 5  
.ooo30 
0 00025 
.ooMO . 00025 . 00020 . 00110 . ow5 . 00100 . 001.05 
.mo5 . 001% . 00100 . 00100 . 00110 
.00110 . 00100 . ow5 . 0 0 1 ~  . 00115 . oom 
0 00115 
.Ool20 . 00115 . 00110 . ooll5 
.OOl20 
,00120 . 00125 

Greep 
(% 1 - .Pressure 

(Torr) 

5.3 x 10-8 
. 5.3 x 10-8 
5.3 x 10-8 
5.3 x 10-8 
5.3 x 10-8 
5.3 x 10-8 
5.3 x10-8 
503 x 10-8 
5.3 x 10-8 

5.3 x 10-8 
5.3 x 10-8 
5.3 x 10-8 

5.3 x 10 
1.0 x 10-8 
5.5 x 10-9 
6.5 x 109 
ti.3 x 10-9 
4.4 x 10-9 
4.7 x 10-9 
4.6 x 10-9 
4.5 x 10-9 
4.4 x 10-9 
4.6 x 10-9 
4.1 x 104 
4.0 x 104 
4.1 x 109 

4.0 x 10-9 
3.9 x 10-9 

5.3 x 103 

5.3 x 102 

5.3 x 10 

4.0 x 109 

4.5 X 10-9 
4.3 x lO+ 
4.3 x 10-9 

4.4 x 10-9 

3.9 x 10-9 

4.0 x 10-9 

3.8 x 10-9 

5.3 x 10-8 
. 5.3 x 10-8 
5.3 x 10-8 
5.3 x 10-8 
5.3 x 10-8 
5.3 x 10-8 
5.3 x10-8 
503 x 10-8 
5.3 x 10-8 

5.3 x 10-8 
5.3 x 10-8 
5.3 x 10-8 

5.3 x 10 
1.0 x 10-8 
5.5 x 10-9 
6.5 x 109 
ti.3 x 10-9 
4.4 x 10-9 
4.7 x 10-9 
4.6 x 10-9 
4.5 x 10-9 
4.4 x 10-9 
4.6 x 10-9 
4.1 x 104 
4.0 x 104 
4.1 x 109 

4.0 x 10-9 
3.9 x 10-9 

5.3 x 103 

5.3 x 102 

5.3 x 10 

4.0 x 109 

4.5 X 10-9 
4.3 x lO+ 
4.3 x 10-9 

4.4 x 10-9 

3.9 x 10-9 

4.0 x 10-9 

3.8 x 10-9 

l -  



TABLE A-VI1 

CREEP TEST DATA, TZM MATWIAL, HEAT KDTZH 1175, TESTED AT 16W0F (871OC) 

55,OOo PSI (3.79 x losN/ln*, 

101 x 10-9 
101 x 10-9 x.1 x log -9 
1.1 x 10 



TABLE A-VI1 (Continued) 

CREEP TEST DATA, TZM MATERIAL, I€EAT KDTZM 1175, T"sTED AT 1 6 0 0 ~ ~  (871Oc) 

55,Ooo PSI (3.79 x lOaN/,;!) 

Length Change 
AI, (inch) 

Time (2" G.2. 

8G.4 
837.2 
861.0 
885.4 
909 :5 
981.7 
1053. 3 
lI-49. 7 
1221.3 
1317.8 
1393,3 
LLc85.3 
223.9 
1654.7 
1725. 9 
1822.2 
1894.0 

2062.3 
2158.8 

1990~2 

0 00030 . 00025 . OOOQO . 03030 . 00035 
0 0004lo 

0 ~ 4 5  
.oookO 
00035 - 00035 

0 00030 
00030 . 00025 . 00030 

0 00025 . 00040 . 00035 
00030 
00035 

8 00035 

T e s t  terminated because of slow creep rate. 

Specimen €3-18 

Creep 
(P 1 

. 015 . 012 

.010 
015 . 018 
,020 
.018 . 022 . 020 . 018 
.018 
015 
a5 . 012 . 015 . 012 . a0 . 018 . 015 . 018 

- Pressure 
(Torr) 

1.0 x 10-9 
1.0 x 10-9 
1.0 x 10-9 
1.0 10-9 
1.0 x 10-9 
1.0 x 10-9 
1.0 x 10-9 
8.8 x 10-1~ 
8.8 x 10°10 
9.0 x 
8.6 x 
8.7 x lo1''' 

8.2 x 
6.6 x 10g10 
6.2 x 1O01O 
6.2 x 
6.8 x 1oo1O 
3.6 x 10-10 
6.2 x 

9.5 x 10"l0 



TABLE A-VI11 

CREEP m T  DATA FOR TZM MATERIAL HEBT K D T M  U75, =TED AT 1856.F 

55,OOo PSI (3.79 x l O h q r i ? )  

frwm - 
AL (inch) 
(2" 0. t o  ) 

Pre8aure 
&!?EL 
3.2 It 10-7 

-8 

2.3 x 104 
1.6 x 1 0 4  
1.6 x lo+ 

3.7 x 104  
2.2 x 104 

9.8 r lo+ 
8.8 x lo+ 

3.7 lo4 
3.4 1 0 9  

1.5 x lo9 

1.6 x 10-9 

1.1 x lo+ 

100 I lo9 
1.2 x lo+ 
1.0 x l o~ lo  

506 x IO+ 
607 x 1 0 4  

4.2 x 10-9 
6.1 x loo9 

2.6 x io+ 
1.8 x 1% 

1.6 x 1% 

1.0 x loo9 

1.4 x 1 0 9  

1.3 I104 
1.4 x 1 0 4  

8.2 x 
5.2 x 10 



. 7 R w r Y Y . - - r # r r r -  

Time 

1075.2 hours 
u 9 . 3  
1250.5 
1313.6 
4 l O . l  
1504. 7 
1576.4 
1648.7 
17&* 3 
1816.5 
1912 .5 
1984.4 
2104.5 
2152.5 
2248.5 
2320.7 
24% 9 
2498. 3 

2656.7 

2824.6 
2921.1 
2992.5 

2586.6 

252.7 

3189.0 
3260.4 
3356.4 
3428.3 
3536 0 
3607.1 
3703.4 
3775.3 
3871.3 
3943 3 
4040.0 
4135 3 
4207.3 
4279.0 
4375.5 

TABU A-VI11 (Continued) 

Test terminated because of low creep rate. 

Specimen B-16 

PressTJm 
(Torr 

8.4 iolo-lo 
3.6 x 
608 x 

5.7 x 10=10 
1.2 10-9 
5.5 x 10-10 
1.1 x 10-9 

1.0 x looy 
4.4 x lo=1o 
8.2 I loolo 
6.6 x 10-10 
4.6 x lo-'' 
5.6 x 1 d - O  
6.0 x 
5.6 x 
7.1 x 10-10 
6.3 x 
4.7 X lom1' 
9.4 x 10-10 
7.9 x 10-10 



TESTED AT 1856°F (lOl3OC 1. 25,000 psi (1.72 x IO8 N/m2) 
HEXT X-60 - _ _  

Ieagth Cbange 
bL (inch) Creep Pressure 

Ti? (2" S.L.) - (k i (Torr ) 

1 Inimte(s> 
2 
3 
4 
5 
6 
7 
8 
9 
10 
15 
20 
25 
30 
60 
19.3 hours 
42 -1 
68.2 
138.4 
162.8 
186.0 
210.3 
306.2 
330.2 
3SL-2 

460.7 
484.5 
508.5 
532 -4 
5% 9 8 

{E:% 

628.9 
681.7 
725.6 
796.4 
844.8 
892 -4 
964.6 

- .oo2 
.ooo 

- .002 
.002 
.002 

.002 
-0oo 
-000 
002 

-.m2 
.008 
.008 . 012 
.032 
-042 
-048 
*aL8 .a5 
,042 
0042 
.Ob0 
.038 
045 
-042 
.048 
.048. 
052 
.os2 
.062 
.os2 
-052 
.052 
.os8 
.062 
-065 
.072 
.072 

005 

070 

1.4 x 
1.3 x low8 

5.8 x 10-9 
6.6 x 10-9 

1.1 x 10-8 

6.8 x 10-9 
5.8 x 10-9 
5.2 10-9 
4.4 x 10-9 
3.4 x 10-9 

3.6 10-9 

2.8 10-9 
3.4 x 10-9 

3.2 10-9 

3.1 10-9 

-- 
2.5 x 10-9 

3.8 x 10-9 

3.0 x 10-9 

2.0 x 10-9 

-- 

2.2 x 10-9 
1.6 x IO-9 
2.8 x 10-9 



TAB= A-IX (Corxtin\led) 



Test in progress 

Specimen €3-11 



. 

TABIE A-X 

CREZF !J!EST DA!fA, TZC PI#l%, HlWl! N-80, RECRYSTALLIZES AT 30929 (170O0C), 1 HOUR, 

TES'PED AT 2Q569 (ll2hoC), 19,000 PSI (1.31 x lo%@) 

1.3ainUtes 
2 
3 
L s 
6 
7 
8 
9 
10 
12 
u 
3.4 
1s 
20 
25 
30 
40 
45 
60 
90 

hours 
87.1 
111.2 
U3.4 
159.0 
181.6 
239.9 
263.7 
287.7 
309.9 
334.3 
406.5 
459.3 
93.2 
573.9 

Pressm?e 
( ' p o d  

7.0 x io -8 

6.9 x I O 4  

6.9 x lo4 

6.8 x 10-8 

3.5 x lo4 
-8 6.7 x I O 4  

1.4 x 10 
9.8 x 104 
7.0 x lo+ 
3*0 x 109 

4.2 x 104 

3.8 x lo4 
3.2 x 104 

- 
5.1 x 10-9 
4.5 x io+ 

3.5 x 109 

2.2 IF 10-9 
1.2 x 10-9 

_- 



. 

TABE A-X (Continued) 

e088 
0090 
0092 
.ogs 
,092 
0098 . 102 
14 
108 

e l l 0  
e l l 0  
,110 
, 108 
0112 
-118 
a 8  
.118 
112 
, 122 
0 122 
0120 
,118 
0118 
,120 
0125 
.l30 
,132 
132 
.a0 .m 
155 . 162 

.178 
172 

178 
a 8  
182 
,180 
.178 



TABLE A-X (Continued) 

Test in progress 

Specimen B-12 



1 D&XtlbS 
2 
3 
4 
5 
10~ 
1s 
20 
25 
30 
60 
90 

17.2 bm8 
43.03 
6.2 
89.2 

161.3 
185.7 
209.1 
233. 2 
257.3 
329.2 
35.9 
377.0 
401.1 
425. 0 
497.2 
521.4 
545.4 
569.2 
593.1 
665.2 
713.3 
762.8 
833.4 
881.4 
905.2 

102 x 10-9 

2.6 x IO4 
2.2 x 10+ 
202 x lo+ 
2.0 x 10-9 
1.3 x lO* 
1.7 x lO* 

1.3 x 104 
200 x lo* 
3.2 x lo+ 
3.4 x 10-9 
2.4 x IO+ 
105 x lO+ 
1.9 x 104 
3.1 x 109 
4.8 x 109 
4.5 x 109 
4.6 x IO4 
5.0 x 109 
4.6 x IO* 

-8 1.5 x 10 
6.1 x io* 
5 . 8 x 10-9 

L7 x 1018 
1.4 x 10 



~ E ~ ~ E U T u e o R A r o I p r E s  

TABLE A-XI (Continued) 

Time 

1001.1 hours 
1049.2 

1168.4 
1216.2 
1264.3 
133 6. 7 
1389.5 
lk33.4 
15 04.2 
1552 3 
1600.2 
1672.4 
1720.4 
1768.5 
1840.1 

19 85.6 
2032.2 

- 
109 7. 3 

1894. 6 
1936.3 

2057.0 
2104o1 
2176.1 
2248.4 
2272.2 
2344.2 
23969 
2440. 2 
2512 . 0 
25 84.4 
2680.2 
2 752.2 
2872.4 
2920.8 
3016.1 
3088.4 
3184.6 
3256.3 

Pressure 
(Torr) 

-9 3.9 x 10 
6.4 1: 1019 -- 
4.2 x 109 

7.0 x lo4 
7.5 x 10-9 

7.5 10-9 

7.2 x 102 
1.3 x 10' 
1.2 x 10-8 
2.6 10-9 
5.5 10-9 
3.8 x 10-9 
L.6 x 109 
4.4 x 10-9 
4.4 x 10-9 
3.8 x 10-9 
3.8 x 10.9 
4.0 x 109 
4.0 x IO* 
3.8 x 10-9 
3.5 x 109 
4.2 x 10-9 
7.5 x 10-9 

4.4 x 109 

7 4  x 10-9 
5.4 x 10-9 

2.4 x 103 

2.7 x 102 

4.6 x 10 

2.9 x 10 

3.8 x IO9  
6.2 x 109 
3.8 x 109 

4.2 x 10-9 
2.6 10-9 

4.4 x 109 



TABU A-XI (Continued) 

Length Change 

(2" G. L.) 
L (inch) Creep 

% - 



TABLE A-XI1 

AGED AT 2400"F (1316%) FDR 5 HOURS 

TESTED AT 2000OF (1093°C) 20,000 PSI (1.36 x lo%/&) 

Time 

Length Change 
AL (inch) 
(2" G.L.) 

Creep 
(% 1 
-. 0% . 000 
e o 0 0  . 000 . 000 . 002 . OM 
000 

e o 0 0  
-0 Oce . 000 

0 010 . 020 
0 020 
OW . 060 
0 llc8 . 320 
0358 . 400 . 420 

' .428 
,510 

555 
622 

.672 
0 732 

Pressure 
( Torr) 

6.0 x lo4 
6.0 x 109 
6.0 x 109 
6.0 x lo+ 
6.0 x 10-9 
6.0 x 104 
6.0 x 103 

-9 
6.0 x 10 
6.0 x 
6.0 x 10 
6.0 x 109 
6.0 x 104 
6.0 x 10-9 
6.0 x 10-9 
6.0 x 10-9 
6.0 x 10-9 
6.0 x 10-9 

2.6 x 10-9 
3.4 x 10-9 

2.5 x 10-9 
2.4 10-9 
2.4 x 109 
1.9 x lo4 
1.7 x 109 
1.8 x lo9 
1.8 x lo4 
1.8 x 104 

1.4 x 104 
1 0 7  X lo4 

Test in -Progress 

Specimen B 2 2  



TABLE A-XI11 

Time 

1 Minutes 
2 
3 
4 
5 
6 
7 
8 
9 

10 
15 
20 
25 
30 
60 

19.0 
43.9 

115.2 
139. 2 
163.6 
187.1 
211.4 
283.2 
3070 3 
332 2 
355.2 
379. 3 
4510 9 
499. 6 
5470 7 
619.5 
643.4 
667.4 
691. ;I 
715 5 

L 7  Hours 

Length Change 
AL (inch) 
(2“ o.L.) 

. ooooo 

.00005; . 00010 . 00010 . o m 5  

.00020 
00020 
.00020 . 00015 
0 00020 
0 60025 
.oOc)20 . o m 5  . 00025 
000020 
00030 . 00075 . 0 0 ~ 0 0  . 00155 

.00185 
, 00210 
,00220 
.00240 . 00270 
.W90 . 00300 
00295 . 00295 . 00310 

00355 . 00360 
00365 . 00365 

0 00365 
. m 3 5  

00350 

Creep - (P 1 

0 om . 002 
0 005 
0 005 
,008 . 010 . 03.6; 
0 010 
0 008 . 010 
,012 . 010 . oi2’ . 012 . 010 . 015 
.038 
.@a . 078 
092 
1% . 110 . 120 
135 
145 
0150 
IL8 

oI-48 . 155 
175 
178 . 180 . 182 
, 182 . 182 
188 

Pressure 
(Tom) 

8.2 x 104 
8.2 x 10-9 
8.2 x 109 
8.”2 x 10-9 
8.2 10-9 
8.2 x 10-9 
8.2 x 10-9 

-9 852 x lo+ 
8.2 x 10 
8.2 x 109 

8.2 x 10 
8.2 x 103 
8.2 x 10 
8.2 x IO* 

7.2 x lo+ 
4.0 x 104 
3.2 x 104 
2.6 x 10” 
2.4 x lo+ 

1.4 x 10” 

8.2 x 103 

8.2 x I O 4  
8.4 x IO+ 

2.1 x 10-9 

1.2 x 10-9 
1.1 x 10-9 
9.7 x 10-10 
9.6 x 

6.7 x 10°10 
6.1 x 1O-I’ 
9.2 x 10”O 
6.3 x 10-10 
8.1 x 
8.2 x 10=-1° 
7.8 x 

7.9 X 



Time 

767.7 Hours 
611.6 
83% 3 

Test in Progress 

TABLE A-XI11 (Continued) 

Length Change 
AI, (inch) Creep 
(2" G. L. - ($1 

205 . 210 . 218 . 220 . 222 . 230 
235 
,228 
232 . 242 
.245 
.258 
,262 . 280 

Pressure 
( Torr) 

7.4 x 20-10 

7.2 x 10-10 

7.0 x 10-10 

7.1 x 

7.0 x 

6.6 x 
6.4 x 
6.4 x 10-10 
6.2 x 10-10 
6.0 x 

6.0 x 10-l' 
5.8 x 10-10 
5.6 x 10-1~ 

5.7 x 1o-xo 

Specimen B 4 O  



TABLE A-Xr.V 

CREEP TEST DATA, TZC P&ATE, W T  H-91, ANNlUUAD 23009 (1.260~~) 1 HOUB, 

TESTEX) 1600'F (982'C), 44,ooO PSI (3.03 x 10%/m2) 

Time 

Length Change 
AI, (inch) 
(2" GOLO) 

Cree d 
-0 005 
4 010 
-e 012 
-0 012 
4 015 
-0 008 
go 008 -. 008 
-0 008 
-e 010 
-0 008 
-0 005 
-0 005 .us 

0 152 
0 192 
e 190 . 202 
.258 

0275 . 280 . 300 
e 338 
322 
332 
358 
388 
372 

0 372 
.4lO 
0 398 
0382 
A 2 0  
.UP 
438 

0445 . 440. 



I - .  . 

TABLE A-XTV (Continued) 

Test in progress 

Specimen B-19 

00890 
e W 6 5  

t 01005 . 01020 
01045 
01065 

e 01100 
01170 
01205 . 01220 
o w 5  . 01245 

e 03310 
Ol-345 

b 01365 
013% 

ollrs5 
.a65 
m95 

2.3 x 104 

4-8 x 104 
4.4 x lO+ 

4.4 x 109 

4.0 x 104 
4,2 x I O 4  
2.8 x I O 4  
3.2 x lo+ 

3.2 x lo4 
2.4 x I O 4  
3.1 x lo+ 
2.3 x lo4 
1.9 x 10 
2.6 x I O 4  

2.2 x 109 
2.2 x 109 

4-3 x 10-9 

2.7 x lO+ 

2,o x 10-9 

2.0 x 103 



CEEW ?!&ST DATA, T - I l l  SHIBT, WEQLED 3000oP (16L9"C) FOR 1 HOUR, 

TESTED AT 22009 ( 1 2 0 b ° C ) ,  8,oOO PSI (5.52 x 10?N/m2) 

T h e  

1 mut8s 
2 
3 
4 
5 
6 
7 
8 
9 
10 
15 
30 
45 
60 

1% 2 
43.1 
48.3 

139. b 
163.0 
187.0 
211.3 
310.5 
383.3 
474. 9 
499.3 

2.4 Hours 

67.1 

AL (inch 
. (2." G.L.) 

. 002 
000s;  . 008 
005 . 002 

.m2 
0 002 
0000 
0002 . 002 
.Ooo .a .a 
.m . 002 
005 

0 0 0 5  . 018 
.068 . 078 
.088 
095 . 108 

.I22 . 160 . 185 

030 

2.6 x 10-9 
2.6 x 
2.6 x IO* 
2.6 x 104 
2.6 x 104 
2.6 x 104 
2.6 x IO4  
2.6 x lo$ 
2.6 x 10 
2.6 x lo* 
2.6 x lo4 
2.6 x 10; 

2.6 x 104 
,2.6 x 10 

2.6 x 10-9 

l.6 x 10-9 
1.6 x 10-9 

1.4 x 10-9 
1.4 x 104 

1.3 x 102 

2.0 x 10-9 

1.5 x 10-9 

1.2 x 10-9 

1.2 x 109 

1.2 10-9 

,103 x 104 
1.3 x 104 

Test in Progress 

Specimen S-19 



CREF;~ TEST DATA, T - ~ I L  SHEET ANNEALED 2600- (1.4270~) FOR 1 HOUR, 

TESTED AT 2200OF (12Ch°C),  8,000 PSI (5.52 x 107N/&) 

1 mutes 
2 
3 
4 
5 
6 
7 
8 
9 
10 
15 
30 
ri5 
60 

18.5 
2 Hours; 

9003 
1130 9 
138.1 
162.3 
186.1 

Length c-e 
SAL (inch) 
(2" G.L.) 

. 00010 
-0 00015 -. 00010 -. 00- . oo010 . o0010 
000005 
Oool5 

0 o0015 . m10 
. W O  . o0015 
.oo010 
.00020 . 00015 
00070 
.00280 
00320 

.woo . 00700 
0 00745 . 00830 
a 9 5  
m50 
.ol200 
0 01270 . 01280 . ol400 

. . Ol46 
I '  . 01690 
.Dl900 

.01750 

.'01840 

. 01970 

PreSSUre 
. (Torr) 

6.2 x 
6.2 x IO+ 
6.2 x lo4 
6.2 x 104 
6.2 x lo4 
6.2 x I O 4  
6.2 x 104 
6.2 x I O 4  
6.2 x 104 
6.2 x I O 4  
6.2 x 104 
6.2 x 109 
6.2 x IO4 
6.2 x I O 4  

2.8 x 10-9 
5.7 x 109 

1.4 x 10-9 
1.4 x 104 
1.4 x 109 

2.2 x 10-9 
1.2 x 109 
1.2 x 10-9 
101 x 109 

1.0 x 10-9 
1.1 x 10-9 
1.0 x 104 
1.1 x 104 
1.0 x 10-9 
1.1 x 10-9 
1.2 x 109 
1.3 x 10-9 
1.0 x 10-9 

103 X lo4 

3.8 x 10-9 

1.1 x 10-9 
LOO x lo+ 



Time 

763.6 
7870 0 
811.0 
83L8 
859. 7 
931- 0 
955 2 
979.4 
1022-9 
1027.1 
1099-0 
1171.0 
1267.7 
1315.4 
1363.5 
l435.3 
15 06.9 
1603.5 
1675.0 

Test Completed 

TABLE A-XVI 

Creep 
,(%I 
1.ll2 
1. llrs 
1.188 
1. 222 
1.235 
1,. 3 72 
1. 392 
1.470 
1.512 
1.515 
1.660 
1.600 
1.938 
2. o l8  
2. loo 
2.222 
2.320 
2.442 
2.570 

Pressure 

9-8 x 10-10 
8.9 x 10-lo 
8.9 x 10-10 
8.1 x loJ0 
9.8 x 10-1* 
7.2 x loolo 

7.2 x 

7.1 x 10-lo 
7.2 x 10-10 
6.6 x 10-10 
6.6 x 10-10 
7.0 x 10-10 
1.0 x 10-9 
1.0 x 10-9 
9.5 x 10-30 
9.5 x 10-10 

(brr) 

7.4 x 10-10 

7.1 x 10-10 
7.7 x 10-10 

Specimen S-16 



TABLE A-XIEI 

X3.b 
37608 



Time 

979.1 hours 
1049.2 
U5.1 
1217.2 

1720.7 
1818.4 
1889.7 

TABU A-XVII (Continued) 

Length Change 
AL (inch) 
(2" G.L) 

04055 
.a445 . GllO 
.05660 . s350 
06770 . 075 75 
09085 . 0980 
l ono  
.11wlO 

Test completed at 5% elongation. 

Creep - (%I 
2. @8 
,2. 222 
2.555 
2,830 
3.1'75 
3.385 
3.788 
4.138 
4.542 
4.900 
5 355 
5- 720 

Pressure 
(firr) 

5.6 x 
1,o.x lo+ 
9.,8 x 10-10 
8.8 x 10-1~ 
9.2 x 
4.6 x 
Ir.8 x 10-1~ 
8.2 x 10-10 
8.4 x 

7.2 x 
5.0 x 10-1O 

9.5 x 10-10 

Specimen S-U 



. 

TESTED AT 2@6? (ll24*C), 19,200 PSI (1.32 x 108N/m2) 

length Change 
AL ( inch)  
(2" G.L.) 

1 minnte(s) 
3 
8 
13 

1.0 hour (s ) 
18.6 
40.5 

159.8 
137-2 

183.6 
207.8 
231.8 
303 -7 
328.9 
351.5 
375.8 
399.5 
471.4 
lr95 -5 
519.5 
SL3 6 
567.6 
663.6 
687.6 
711.5 
735.7 
831 6 
856.2 
879 - 6 
903.6 
975 6 
999 *$ 
1023.5 
1047.8 

1216.4 
W . 0  

1313 7 

C-P 
(% 1 

-0oo 
.008 
.008 
.008 
.008 
.008 
.015 - 032 
-045 
.070 
095 
-u5 
170 
.240 - 270 
.282 
305 
378 
0422 
-458 
.482 
502 
.615 
.652 
707 
742 
915 
948 
985 

1.042 
1 = 155 
1.192 
1.232 
1-275 
1.468 
1.608 
1.692 

Pressure 
(Torn 1 

3.0 10-9 

1.4 10-9 

3.3 10-9 
3.1 10-9 
1.2 10-9 
1.3 10-9 
9.5 x 10-10 

-- 
5.7 x 10-9 
1.6 x 10-9 

1.4 x 10-9 

8.4 x 10-10 
1.2 x 10-9 
1.4 x 10-9 
1.0 x 10-9 
1.0 x 10-9 
1.2 x 10-9 
1.2 x 10-9 
1.4 x 10-9 
1.3 x 10-9 
1.3 x 10-9 
1.4 10-9 
1.4 x 10-9 

1.0 10-9 
9.5 x 10-10 

9.5 x 10-10 
1.0 10-9 

9.5 x 10-10 
5.4 x 10-10 

9.2 x 

9,2 x 

9.0 x 10-10 

8.3 x 
T e s t  T e r m i n a t e d  
Specimen S-fi 
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